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Thermodynamic and kinetic stability of Cl and F donors in ZnO
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Zinc oxide (ZnO) is a prototypical wide-band-gap semiconductor whose n-type conductivity can be tailored
through extrinsic donor doping. However, the roles of defect association, compensation, and dopant mobility
remain incompletely understood. We investigate Cl- and F-related defects in ZnO using screened hybrid
density-functional calculations, with emphasis on substitutional donors, defect complexes, vacancy-mediated
migration, and self-consistent carrier statistics. Substitutional chlorine and fluorine on the oxygen site, ClO and
FO, are predicted to be shallow donors, with (+/0) transition levels above the conduction-band minimum and low
formation energies under O-poor conditions. Halogen-native-defect complexes can be thermodynamically bound
and provide possible compensation or passivation channels, but their impact on the carrier concentration depends
on their equilibrium abundance and charge-state distribution. Self-consistent charge-neutrality calculations
show that both Cl and F substitutional donors can sustain n-type conditions under the freeze-in treatment
considered here, with the charge balance dominated by ionized substitutional donors and free electrons. Large
vacancy-mediated migration barriers further indicate that substitutional halogen donors are kinetically stable
after incorporation. These results provide a microscopic description of the thermodynamic, electronic, and
kinetic factors governing Cl and F doping in ZnO.
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I. INTRODUCTION

Zinc oxide (ZnO) is a prototypical wide-band-gap semi-
conductor (Eg ≈ 3.3 eV) with high optical transparency, a
large exciton binding energy (60 meV), and robust thermal
and chemical stability [1]. These properties make ZnO a
highly attractive material for a wide range of optoelectronic
applications, including ultraviolet photodetectors, transparent
electronics, piezoelectric devices, and light-emitting diodes
[2,3]. Historically, the ubiquitous unintentional n-type con-
ductivity observed in as-grown ZnO was attributed to native
donor defects, namely, oxygen vacancies (VO) and zinc in-
terstitials (Zni) [4,5]. However, first-principles calculations
show that those native defects alone cannot provide the high
electron concentrations frequently observed experimentally.
Specifically, VO is a deep donor that cannot contribute to
room-temperature conductivity, and Zni is thermodynamically
unstable and highly mobile [6]. High electron concentrations,
such as those exceeding 4 × 1019 cm−3 reported by Look
et al. in nominally undoped samples grown under Zn-rich
conditions, are now believed to originate from unintentional
background impurities and stabilized defect complexes [7].
Alongside this, ubiquitous background hydrogen is well-
known to act exclusively as a shallow donor, but its behavior
is highly site-dependent. Interstitial hydrogen (Hi) is highly
mobile and prone to out-diffusion, leading to thermal instabil-
ity under operating conditions. While substitutional hydrogen
(HO) forms a stable multicenter bond within an oxygen

*Contact author: pakpoom.r@ku.ac.th

vacancy, its incorporation is fundamentally limited by the
thermodynamic availability of these native vacancies [8–12].
The inherent unreliability and physical constraints of these un-
intentional doping mechanisms motivate the continued search
for alternative, engineered extrinsic dopants capable of gener-
ating highly stable shallow donor states [13–16].

In contrast to its robust n-type behavior, achieving sta-
ble and reproducible p-type conductivity in ZnO remains a
formidable challenge, characteristic of the doping asymmetry
common in wide-band-gap oxides [17]. Numerous attempts
using group-I (Li, Na) [18–22] and group-V (N, P, As) [20,23–
28] dopants have generally failed to yield practical hole
concentrations. These efforts are fundamentally hindered by
the formation of deep acceptor levels, strong spontaneous
compensation by native donor defects, and inherently low
dopant solubility. These severe thermodynamic and kinetic
limitations make reliable p-type ZnO exceedingly difficult
to realize under equilibrium conditions [17,29,30]. Research
efforts have increasingly focused on maximizing the mate-
rial’s inherent unipolarity. Optimizing and stabilizing highly
degenerate n-type conductivity remains the primary objective
for advancing ZnO-based transparent electronic and optoelec-
tronic applications [2,3].

To achieve this, halogen elements, particularly Cl and F,
have emerged as highly promising extrinsic donor candidates.
There are numerous experimental reports demonstrating
enhanced n-type conductivity of ZnO using these two el-
ements [13–15,31–38]. Despite these encouraging results,
the microscopic behavior of halogen dopants in ZnO is
still not fully understood. In particular, photoluminescence
studies on halogen-doped or implanted ZnO have reported
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alternative bound-exciton features after high-temperature an-
nealing, which were tentatively attributed to halogen-related
defect complexes [39]. However, bound-exciton signatures
measured at cryogenic temperatures do not uniquely identify
the thermodynamic charge transition levels of the underlying
defects, and the relationship between these optical features
and electrically active donors remains unclear.

Moreover, many previous theoretical studies have focused
primarily on isolated halogen-related defects, such as substitu-
tional and interstitial configurations, while largely neglecting
the possible formation of defect complexes under realistic
growth or processing conditions [40–42]. In addition to iso-
lated point defects, halogen impurities may associate with
native defects, particularly zinc vacancies (VZn), to form com-
plexes that can influence compensation and the resulting
carrier concentration [3]. A systematic understanding of the
thermodynamic stability and kinetic relevance of such com-
plexes remains incomplete.

While numerous theoretical studies have examined point
defects and dopants in ZnO, many of them focused primar-
ily on defect energetics evaluated at fixed Fermi levels or
did not explicitly distinguish between growth and operating
conditions. In practice, defect populations are established
at elevated temperatures during synthesis and subsequently
quenched during cooling, while charge states and free carri-
ers continue to equilibrate [43,44]. Furthermore, kinetically
stable defect configurations may persist even when they are
not thermodynamically favored at low temperature. A consis-
tent treatment that combines defect thermodynamics, kinetics,
and charge neutrality is therefore essential for identifying
which defects ultimately control carrier concentrations in
wide-band-gap semiconductors [45].

To clarify the microscopic mechanisms governing halogen
doping in ZnO, we investigate Cl- and F-related defects using
hybrid density functional theory. We examine how defect ther-
modynamics, defect association, and kinetic stability jointly
determine the effectiveness of halogen donors. Both iso-
lated halogen defects and representative halogen-native defect
complexes are analyzed under oxygen-rich and oxygen-poor
conditions. Formation energies, charge-transition levels, and
equilibrium carrier concentrations are evaluated within a self-
consistent charge-neutrality framework. In addition, vacancy-
mediated migration barriers are calculated to assess the kinetic
stability of substitutional halogen donors. Together, these
results provide a microscopic basis for understanding the
shallow-donor behavior of Cl and F in ZnO, the intrinsic com-
pensation channels considered in this work, and the kinetic
stability of substitutional halogen donors after incorporation.

II. COMPUTATIONAL DETAILS

All calculations were performed within the generalized
Kohn-Sham framework, using the Heyd, Scuseria, and Ernz-
erhof (HSE) hybrid functional as implemented in the Vienna
ab initio Simulation Package [46,47]. In the HSE functional,
the exchange interaction is separated into short-range and
long-range components using a screening parameter ω =
0.2 Å−1 [48]. A fraction of nonlocal Hartree-Fock exchange
is mixed with the Perdew-Burke-Ernzerhof (PBE) generalized
gradient approximation for the short-range exchange, and the

TABLE I. Calculated structural parameters, formation enthalpy
�H f , and band gap Eg of bulk ZnO by the PBE and HSE functionals.
Available experimental values are also listed.

Properties Experiment PBE HSE

a (Å) 3.25a 3.29 3.25
c/a 1.60a 1.61 1.60
�H f (eV/f.u.) −3.63b −2.87 −3.22
Eg (eV) 3.3c 0.72 3.29

aReferences [50,53].
bReference [54].
cReferences [2,55].

long-range exchange and correlation terms are described by
the PBE functional. The Hartree-Fock mixing parameter was
set to 0.36, yielding a band gap of 3.29 eV for wurtzite ZnO,
in good agreement with the experimental value [2].

Projector augmented-wave potentials were employed to
describe the electron–ion interaction [49]. The Zn 3d elec-
trons were explicitly treated as valence states. Structural
relaxations were performed until the residual forces on all
atoms were less than 0.02 eV Å−1. The optimized lattice pa-
rameters of bulk wurtzite ZnO, a = 3.25 Å and c/a = 1.61,
are in good agreement with experimental values [50]. De-
fect calculations were carried out using a 96-atom supercell.
The defect supercells used in the HSE calculations were
constructed from the HSE-relaxed primitive-cell lattice pa-
rameters. The PBE lattice parameters reported in Table I are
provided only for comparison and were not used for the HSE
defect formation-energy calculations. A plane-wave energy
cutoff of 400 eV and a Monkhorst–Pack 2 × 2 × 2 k-point
mesh were used. All calculations were performed spin po-
larized. To assess finite-size effects, the formation energies
of the dominant substitutional donors ClO and FO were also
calculated using a larger 192-atom supercell. The resulting
formation energies and transition levels differ by less than
0.05 eV compared to the 96-atom results (see Table S1 in the
Supplemental Material [51]), indicating that finite-size effects
are small.

Initial defect structures were generated by placing impu-
rities or vacancies on the corresponding lattice or interstitial
sites, followed by full ionic relaxation. To avoid imposing arti-
ficial high-symmetry configurations, symmetry-broken initial
structures were also tested for point defects by applying
small local displacements to neighboring atoms. For defect
complexes, symmetry-inequivalent nearest-neighbor arrange-
ments of the constituent defects were examined. All candidate
structures were fully relaxed, and the formation and binding
energies reported below correspond to the lowest-energy re-
laxed structures obtained from these initial configurations.

To determine the likelihood of halogen impurities, i.e.,
substitutions, interstitials, and complexes, we compute the
formation energy as a function of the Fermi level, which is
also dependent on the chemical potential of corresponding
elements. The defect thermodynamic transition level was cal-
culated using the standard procedure outlined in Ref. [45]. For
example, the formation energy of a substitutional halogen XO
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(X = Cl, F) in charge state q is given by

E f
(
X q

O

) = Etot
(
X q

O

) − Etot(ZnO) − μX + μO

+ q(εF + εVBM) + �q, (1)

where Etot(X
q
O) is the total energy of the supercell contain-

ing the halogen X in charge state q, and Etot(ZnO) is the
total energy of the defect-free supercell. The chemical poten-
tials of Zn and O were constrained by the thermodynamic
equilibrium condition for ZnO formation with the forma-
tion enthalpy �Hf (ZnO) = μ̃Zn + μ̃O, where μ̃Zn = μZn −
Etot[Znbulk] and μ̃O = μO − Etot[O2]/2 are the chemical po-
tentials referenced to the total energy per atom of bulk Zn
and the O2 molecule, respectively. The O-rich and O-poor
conditions correspond to μ̃O = 0 and μ̃O = �Hf (ZnO), re-
spectively. For halogen doping, the chemical potentials of
Cl and F were referenced to ZnCl2 and ZnF2, respectively,
which represent realistic halogen reservoirs under typical ZnO
growth conditions and impose more restrictive upper bounds
on the halogen chemical potentials than elemental Cl2 or F2.
The halogen chemical potentials were therefore defined as
μ̃Cl = (�Hf (ZnCl2 )−μ̃Zn )

2 and μ̃F = (�Hf (ZnF2 )−μ̃Zn )
2 . The result-

ing chemical potential limits corresponding to O-rich and
O-poor growth conditions are summarized in Table S2 in
the Supplemental Material [51]. Since defects can occur in
charge states other than neutral, the formation energy also
depends on the Fermi level (εF ), which represents the energy
of the electron reservoir. Following convention, we referenced
εF to the valence-band maximum (εVBM). Charged-defect
finite-size corrections were applied using the FNV scheme
with the experimental static dielectric constant of ZnO (8.91)
[52]. This value includes both electronic and ionic screening.
We note that the dielectric constant was not computed self-
consistently at the HSE level; however, using the experimental
static dielectric constant is a reasonable approximation for the
present charged-defect corrections and is not expected to alter
the relative defect-energy trends discussed below. The charge
states considered for each native defect, halogen impurity, and
defect complex are listed in Table S3 of the Supplemental Ma-
terial, together with representative formation energies under
O-rich and O-poor limits and the finite-size correction term
(�q) applied to each charged-defect calculation [51].

III. RESULTS AND DISCUSSION

A. Bulk ZnO and local structure of substitutional halogens

To validate the computational approach used for defect
calculations, we first examine the structural and electronic
properties of bulk wurtzite ZnO. Table I summarizes the cal-
culated lattice parameters, formation enthalpy, and band gap
obtained using both the PBE and HSE functionals, together
with available experimental data. While PBE significantly un-
derestimates the band gap, HSE with a Hartree-Fock mixing
parameter of 36% yields a band gap of 3.29 eV, in close
agreement with the experimental value of ∼3.3 eV [2,55].
The HSE functional also provides improved agreement for the
lattice parameters and formation enthalpy compared to PBE.
Building upon this validated description of the bulk lattice, we
next examine the local atomic structural relaxations associated
with the halogen substitutions.

FIG. 1. Relaxed atomic structures of substitutional halogen im-
purities in wurtzite ZnO: (a) Cl substituting for O (ClO) and (b)
F substituting for O (FO) in the + charge state. The structures are
viewed along the [0001] direction of the ZnO crystal. Representative
basal Zn-Cl and Zn-F bond lengths are indicated.

Figure 1 illustrates the relaxed local atomic geometries of
the ClO and FO defects in the + charge state. In both cases,
the tetrahedral coordination of the wurtzite lattice is preserved
without significant structural reconstruction. Nevertheless, the
two halogen substitutions induce clearly different local relax-
ations. For ClO, the Zn-Cl bond approximately oriented along
the c axis is 2.42 Å, while the three basal Zn-Cl bonds are
2.361, 2.361, and 2.379 Å. For FO, the corresponding Zn-F
bond lengths are 2.212 Å and 2.166, 2.169, and 2.174 Å,
respectively. Compared with the Zn-O bond length of ap-
proximately 1.98 Å in bulk ZnO, both substitutional halogens
induce outward relaxation of the neighboring Zn atoms. The
relaxation is anisotropic, with the apical bond longer than the
basal bonds in both cases, while the small splitting among the
three basal bonds indicates only a minor deviation from local
threefold symmetry. The substantially larger overall bond ex-
pansion around ClO than FO is consistent with the greater size
mismatch introduced by Cl and suggests a larger local strain
contribution to its defect energetics and association behavior
discussed below.

B. Chlorine impurities and defect complexes

To elucidate the defect physics of chlorine-doped ZnO,
we calculated the formation energies of isolated Cl-related
defects and their complexes under O-rich and O-poor growth
conditions. Figure 2 presents the formation energies as a
function of the Fermi level for substitutional chlorine on the
oxygen site (ClO), interstitial chlorine (Cli), substitutional
chlorine on the zinc site (ClZn), and representative defect
complexes, including ClO − VZn, 2ClO − VZn, ClO − Oi, and
ClO − Cli. Intrinsic defects, such as oxygen vacancy (VO) and
zinc vacancy (VZn), are also included for comparison to assess
defect competition and compensation.

Among the defects considered, ClO exhibits the lowest
formation energy across a wide range of Fermi levels under
both O-rich and O-poor conditions, with particularly favorable
energetics under O-poor growth conditions. This indicates that
ClO is the most probable chlorine-related defect formed under
typical n-type growth environments. The (+/0) charge tran-
sition level of ClO lies above the conduction-band minimum
(CBM), confirming its shallow donor character. Consequently,
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FIG. 2. Formation energies of chlorine-related defects and com-
plexes in ZnO as a function of the Fermi level under (a) O-rich and
(b) O-poor growth conditions.

ClO is expected to serve as an efficient, thermally active elec-
tron donor in ZnO.

In contrast, other Cl-related point defects, such as ClZn

and Cli, exhibit significantly higher formation energies,
making them thermodynamically unfavorable under equilib-
rium conditions.

Furthermore, they introduce deep charge transition levels
within the band gap. Specifically, ClZn displays a (0/−) tran-
sition at 1.51 eV above the valence-band maximum (VBM),
while Cli exhibits a (0/−) transition at 2.40 eV above the
VBM, close to the CBM. These deep levels indicate that these
defects, even if they are formed, do not contribute free carriers
at room temperature. Zinc vacancies are well-known compen-
sating acceptors in n-type ZnO. Previous hybrid-functional
studies have shown that VZn is a deep, polaronic acceptor
that can stabilize multiple charge states across the band gap.
To allow a direct comparison with these studies, we recal-
culated VZn including the 2+, +, neutral, –, and 2− charge
states. The calculated transition levels are (2+/+) = 0.319 eV,
(+/0) = 0.897 eV, (0/–) = 1.354 eV, and (–/2–) = 1.810 eV
above the VBM. These values are in good agreement with the
hybrid-functional results of Lyons et al. [56], who reported the
corresponding levels at 0.23, 0.81, 1.39, and 1.84 eV above
the VBM, and are also consistent with the similar transition
levels reported by Frodason et al. [57]. This agreement con-
firms that the present calculations reproduce the established
deep-acceptor behavior of VZn, with negatively charged states
becoming stable in the upper part of the band gap. Thus,
under n-type conditions, VZn acts as an efficient compensating
acceptor for substitutional halogen donors.

To examine possible complex formation, we investi-
gated several Cl-related complexes, including ClO − VZn,
2ClO − VZn, ClO − Cli, ClO − Zni, and ClO − Oi. The
ClO − Zni complex is not appreciably bound, with neg-
ative or nearly zero binding energies, and is there-
fore not shown in the formation-energy diagram. In
contrast, the ClO − VZn complex is energetically favorable,
reflecting the Coulombic attraction between donorlike ClO

FIG. 3. Formation energies of fluorine-related defects and com-
plexes in ZnO as a function of the Fermi level under (a) O-rich and
(b) O-poor growth conditions.

and acceptorlike VZn. This complex exhibits a (0/−) transition
level at 1.09 eV above the VBM, similar to isolated VZn,
indicating that it remains a deep acceptor. The 2ClO − VZn

complex exhibits (2+/+) and (+/0) transition levels at 0.51
and 1.06 eV above the VBM, respectively, confirming that it
also introduces deep electronic levels and does not contribute
to shallow donor behavior. The ClO − Cli complex is a deep
donor, with a (+/0) transition level at 1.28 eV above the
VBM. However, its high formation energy under both O-rich
and O-poor conditions indicates low thermodynamic stability,
and its deep transition level suggests limited relevance for
enhancing n-type conductivity. The ClO − Oi complex is a
deep acceptor, with a (0/–) transition level at 2.39 eV above
the VBM. However, its formation energy remains higher than
that of isolated ClO under both O-rich and O-poor conditions,
indicating that this complex is unlikely to serve as an im-
portant compensation channel for the dominant substitutional
donor.

Finally, the oxygen vacancy VO exhibits a (2+/0) transition
level at 2.18 eV above the VBM, confirming its nature as a
deep donor, consistent with previous hybrid-DFT calculations
[56,58]. Although its formation energy decreases under O-
poor conditions, it remains higher than that of ClO, and its
deep donor level renders it ineffective as a source of free
electrons at room temperature. Accordingly, ClO is the only
chlorine-related defect that is both energetically favorable and
electrically active. In contrast, other Cl-related point defects
and complexes are thermodynamically less stable and intro-
duce deep levels that do not affect the equilibrium carrier
concentration.

C. Fluorine impurities and defect complexes

To investigate the defect physics of fluorine-doped ZnO,
we calculated the formation energies of isolated F-related
defects and their complexes under O-poor and O-rich growth
conditions. Figure 3 shows the formation energies as a
function of the Fermi level for substitutional fluorine on
the oxygen site (FO), interstitial fluorine (Fi), substitutional
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fluorine on the zinc site (FZn), and representative defect com-
plexes, including FO − VZn, 2FO − VZn, FO − Oi, and FO − Fi.
Intrinsic point defects, VO and VZn are also included for
comparison to assess defect competition and compensation
effects. Among all fluorine-related defects, FO exhibits the
lowest formation energy under both O-rich and O-poor con-
ditions, with particularly favorable energetics under O-poor
growth conditions. This indicates that FO is the most probable
fluorine-related defect to form under typical n-type growth
environments. Similar to ClO, FO remains stable in the 1+
charge state across the entire Fermi-level range and does not
exhibit any charge transition level within the band gap. This
confirms its shallow donor character and identifies FO as a
source of free electrons in ZnO.

Other fluorine-related point defects are significantly less
favorable. Substitutional fluorine on the zinc site, FZn, exhibits
high formation energies and multiple acceptorlike charge
transition levels, including (0/−), (−/2−), and (2−/3−) tran-
sitions located deep within the band gap. These characteristics
indicate that FZn behaves as a deep acceptor and does not
contribute to n-type conductivity. Interstitial fluorine, Fi, also
has a relatively high formation energy and exhibits a (0/−)
transition at 0.34 eV above the valence-band maximum. Al-
though this level is closer to the band edge than those of FZn, it
remains too deep to contribute significantly to hole conduction
at room temperature. It thus plays a negligible role in carrier
compensation.

The role of zinc vacancies is consistent with the trends
observed in Cl-doped ZnO. As discussed above, VZn is a
deep acceptor with multiple charge-transition levels across
the band gap. In the relevant n-type Fermi-level range, the
negatively charged states are thermodynamically stable and
can in principle compensate donor defects such as FO. How-
ever, the revised charge-neutrality calculations show that
the equilibrium concentration of VZn remains low over the
chemical-potential range considered and does not dominate
the charge balance. Under O-poor conditions, its formation
energy increases further, suppressing its concentration and
favoring donor activation.

We further examine fluorine-related defect complexes, in-
cluding FO − VZn, 2FO − VZn, FO − Fi, FO − Zni, and FO −
Oi. The FO − Zni complex is not appreciably bound, with
negative or nearly zero binding energies, and is therefore
not shown in the formation-energy diagram. In contrast, the
FO − VZn complex is energetically favorable, reflecting the
Coulombic attraction between donorlike FO and acceptor-like
VZn. This complex is stable in the negative charge state over
much of the relevant Fermi-level range and can act as a
compensating center for the FO donor. The 2FO − VZn com-
plex exhibits (2+/+) and (+/0) transition levels at 0.50 and
1.00 eV above the VBM, respectively, indicating that it acts
as a deep donor.

The FO − Fi complex was also considered. It has a moder-
ate formation energy and remains electronically inactive over
the Fermi-level range of interest, as indicated by the absence
of charge-transition levels. Accordingly, it is not expected to
play a significant role in carrier compensation or activation.
The FO − Oi complex behaves as a deep acceptor, with a (0/−)
transition level at approximately 1.81 eV above the VBM.
Under O-poor conditions, its formation energy remains higher

than that of FO. Under O-rich conditions and for Fermi levels
near the CBM, FO − Oi can become lower in formation en-
ergy than isolated FO; however, the charge-neutrality analysis
shows that this complex does not appreciably affect the calcu-
lated Fermi level or carrier concentration. Finally, the intrinsic
oxygen vacancy VO exhibits a deep (2+/0) transition level at
2.18 eV above the VBM. Although its formation energy is
lower under O-poor conditions, it remains less favorable than
FO and is not the dominant source of free electrons in the
present calculations. These results indicate that substitutional
FO is the dominant electrically active fluorine-related donor,
while the other fluorine-related defects and complexes mainly
provide possible compensation or passivation channels whose
actual importance is assessed through the charge-neutrality
analysis below.

The shallow-donor character of ClO and FO obtained in
the present calculations contrasts with earlier theoretical re-
sults for halogen impurities in ZnO. Previous LDA-based
calculations reported donor levels within the band gap for
substitutional halogens. In particular, FO was predicted to be
a deep donor with an activation energy of 0.76 eV below
the CBM, leading to the conclusion that it could not directly
account for the enhanced electron concentration in F-doped
ZnO [40]. Similarly, earlier calculations for Cl-doped ZnO
concluded that neither ClO nor Cli directly contributes to
increased carrier concentrations [41]. In contrast, the present
hybrid-functional calculations place the (+/0) transition levels
of ClO and FO at 0.52 and 0.42 eV above the calculated
CBM, respectively, identifying both substitutional halogens as
shallow donors. These results indicate that the predicted donor
character is sensitive to the description of the ZnO electronic
structure and band-edge positions. The convergence of the
calculated transition levels with respect to supercell size is
summarized in Table S1 of the Supplemental Material [51].

D. Binding energies and thermodynamic
stability of halogen-related defect complexes

To further assess the thermodynamic stability of halogen-
related defect complexes in ZnO, we evaluated their binding
energies, which quantify the energetic preference for isolated
point defects to associate and form complexes. This analy-
sis is particularly relevant for understanding donor-acceptor
interactions and their possible impact on defect populations
under equilibrium growth conditions. The binding energy (Eb)
of a defect complex is defined as the energy gained upon
association of its isolated constituents. For example, for the
ClO − VZn complex in the negative charge state, the binding
energy is given by

Eb(ClO − VZn)− = E f
(
Cl+O

) + E f
(
V 2−

Zn

) − E f (ClO − VZn)−,

(2)

where E f (ClO − VZn)− is the formation energy of the ClO −
VZn complex in the – charge state, E f (Cl+O ) is the formation
energy of ClO in the + charge state, and E f (V 2−

Zn ) is the
formation energy of VZn in the 2– charge state. A positive
binding energy indicates that complex formation is thermo-
dynamically favorable.
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TABLE II. Calculated binding energies Eb (in eV) of represen-
tative halogen-related defect complexes in ZnO for charge states q.
Positive binding energies indicate thermodynamically stable (bound)
complexes, while negative values indicate unbound configurations.
Here X = Cl or F.

Complex q Eb (X = Cl) Eb (X = F)

XO − VZn − 2.09 1.80
0 1.37

2XO − VZn 0 3.65 3.26
+ 2.09 2.45

2+ 2.40 1.94
XO − Xi 0 −0.11 2.09

+ −1.13
XO − Oi − 1.05 2.64

0 0.55 1.56

The calculated binding energies of representative chlorine-
and fluorine-related complexes are summarized in Table II.
For chlorine-related defects, the ClO − VZn complex exhibits
positive binding energies in both the neutral and − charge
states, indicating that donor-acceptor association is energet-
ically favorable due to Coulombic attraction between the
positively charged ClO donor and the negatively charged
VZn. The 2ClO − VZn complex shows even larger positive
binding energies across all examined charge states, reflecting
enhanced stabilization when an additional donor is intro-
duced. In contrast, the ClO − Cli complex has negative
binding energy, indicating that it is thermodynamically unfa-
vorable and unlikely to form at significant concentrations.

A similar trend is observed for fluorine-related complexes.
The FO − VZn complex is thermodynamically stable only in
the – charge state, as indicated by a positive binding energy,
whereas the neutral configuration has a very small binding
energy and is therefore weakly bound or unstable. The 2FO −
VZn complex shows positive binding energies across all charge
states considered, indicating a strong donor-acceptor interac-
tion, analogous to the chlorine case. The FO − Fi complex
shows a positive binding energy in the neutral charge state;
however, no binding energy is reported for the + charge state
because it is not thermodynamically stable within the band
gap.

Several donor-acceptor complexes involving ClO, FO, Oi,
and VZn are energetically bound, indicating that their forma-
tion can contribute to donor compensation during growth. It is
important to distinguish the charge-transition levels of these
complexes from their effect on the net donor population. The
ClO − VZn, FO − VZn, ClO − Oi, and FO − Oi complexes act
as acceptorlike compensating centers, whereas the 2ClO − VZn

and 2FO − VZn complexes retain donorlike transition levels. In
either case, complex formation can reduce the concentration
of electrically active isolated donors through association of
Cl+O or F+

O with zinc vacancies. For example, in the binding-
energy analysis, the negatively charged ClO − VZn complex
is referenced to isolated Cl+O with V 2−

Zn , conserving the total
charge of the complex. However, binding energies alone do
not determine the net carrier concentration under a given
growth condition. The actual importance of these complexes
depends on their equilibrium abundance and charge-state dis-

FIG. 4. Minimum-energy path for oxygen-vacancy-mediated mi-
gration of ClO in ZnO in the + charge state, obtained using the
CI-NEB method. Insets show atomic configurations of the initial
state, saddle point, and final state. The saddle-point geometry corre-
sponds to a transient interstitial-like configuration of Cl between two
neighboring oxygen vacancies, characteristic of a vacancy-mediated
exchange mechanism. The highest-energy image corresponds to the
transition state (TS).

tribution, which are evaluated below using the self-consistent
charge-neutrality analysis.

E. Kinetic stability of substitutional halogen donors

To assess the kinetic stability of substitutional halogen
donors in ZnO, we investigated vacancy-mediated migra-
tion pathways for ClO and FO using the climbing-image
nudged elastic band (CI-NEB) method [59]. Because CI-NEB
calculations with hybrid functionals are computationally ex-
pensive, the migration pathways were first optimized with the
GGA-PBE functional, and the total energies of the resulting
images were then evaluated with the HSE hybrid functional.
The reported barriers should therefore be regarded as HSE-
corrected barriers along the PBE minimum-energy path rather
than fully HSE-optimized NEB barriers. The PBE CI-NEB
barriers are 2.6 eV for ClO and 2.3 eV for FO, while HSE
single-point energies evaluated on the same images increase
these values to approximately 3.1 and 2.6 eV, respectively.
Although this approximation may introduce some quantitative
uncertainty, both sets of barriers are large, supporting the
conclusion that vacancy-mediated migration of substitutional
halogen donors is strongly suppressed at low temperature.
Figure 4 shows the minimum-energy path for VO-mediated
migration of ClO in the + charge state, which is the dominant
charge state under n-type conditions. The calculated migra-
tion barrier is approximately 3.1 eV, indicating that ClO is
kinetically stable against diffusion even in the presence of an
adjacent oxygen vacancy. Inspection of the atomic configura-
tions along the migration pathway shows that the saddle-point
geometry corresponds to a transient interstitial-like config-
uration, in which the Cl atom occupies a position between
two neighboring oxygen vacancies, resembling a VO − Cli-
like-VO arrangement. This configuration is not a stable defect
but represents the transition state of the vacancy-mediated

084602-6



THERMODYNAMIC AND KINETIC STABILITY OF CL … PHYSICAL REVIEW MATERIALS 10, 084602 (2026)

exchange process, also reported in other semiconductors such
as CdTe [43]. It is important to note that the effective activa-
tion energy for vacancy-mediated halogen diffusion depends
on whether the assisting oxygen vacancy is generated during
the diffusion process or is already present in the sample. If the
oxygen vacancy must be thermally generated, the activation
energy may be approximated as Ea = Em + E f (VO), where
Em is the vacancy-mediated migration barrier and E f (VO)
is the formation energy of the oxygen vacancy under the
relevant chemical-potential and Fermi-level conditions. Using
Em ≈ 3.1 eV for ClO and E f (VO) ≈ 1 eV near the CBM un-
der the O-poor condition gives an effective activation energy
of approximately 4.1 eV. If oxygen vacancies are already
present, for example, as frozen-in defects from growth, the
relevant hopping barrier is instead Em, while the overall dif-
fusion rate is controlled by the concentration of available
oxygen vacancies. Even in this limit, the calculated hopping
barrier of approximately 3.1 eV remains large, indicating that
vacancy-mediated migration of ClO is strongly suppressed at
low-temperature or device-operation conditions.

A similar vacancy-mediated pathway for FO gives a migra-
tion barrier of approximately 2.6 eV. This barrier is lower than
that for ClO, but it is still sufficiently large to suppress long-
range migration under low-temperature or device-operation
conditions, especially when the concentration of available
oxygen vacancies is limited. If oxygen vacancies must be
generated thermally, the effective activation energy further
includes E f (VO), leading to an even larger activation energy.
These results indicate that substitutional ClO and FO are ki-
netically stable after incorporation, although the quantitative
activation energy for vacancy-mediated diffusion depends on
the oxygen-vacancy concentration, growth conditions, and
Fermi-level position.

We also considered a possible dissociation pathway in
which substitutional chlorine leaves the oxygen site to form
an interstitial chlorine and an oxygen vacancy, ClO → Cli +
VO. Starting from configurations in which the Cl atom was
displaced from the oxygen site toward a nearby interstitial
position, structural relaxation returned the system to the sub-
stitutional ClO configuration. This indicates that the separated
Cli + VO configuration is not a stable local minimum for the
configurations examined. Therefore, diffusion through dis-
sociation into a mobile Cli is unlikely to compete with the
vacancy-mediated exchange pathway considered above.

F. Charge neutrality and carrier concentrations

Given the large vacancy-mediated migration barriers dis-
cussed above, defect configurations formed during growth are
expected to be preserved upon cooling. We therefore evaluate
equilibrium defect concentrations and the Fermi-level position
at a representative growth temperature of 800 K, which lies
within the typical temperature range used for ZnO synthesis
and processing [2,3]. The equilibrium Fermi level at a given
temperature and oxygen chemical potential is determined by
enforcing the charge neutrality condition,

n − p +
∑

i

∑
q

qNq
i = 0, (3)

where n and p are the free electron and hole concentrations,
respectively, and Nq

i denotes the concentration of defect i in
charge state q. The carrier concentrations are evaluated by
integrating the electronic density of states, D(E), obtained
from HSE calculations using Fermi-Dirac statistics:

n =
∫ ∞

εCBM

D(ε)

(
1

exp[(ε − εF )/kBT ] + 1

)
dε and

p =
∫ εVBM

−∞
D(ε)

(
1 − 1

exp[(ε − εF )/kBT ] + 1

)
dε. (4)

Defect concentrations are computed from their forma-
tion energies, including all thermodynamically stable charge
states, where εCBM and εVBM are the energy of the conduction
band minimum and valence band maximum, respectively. εF

is the Fermi level, kB is the Boltzmann constant, and T is the
absolute temperature [60]. Configurational degeneracy factors
were included in the defect concentration calculations. For
isolated substitutional defects and vacancies, the degeneracy
was determined from the number of equivalent lattice sites.
For defect complexes, the degeneracy was assigned based
on the number of symmetry-equivalent relative orientations
of the lowest-energy relaxed complex configuration. At the
growth temperature of 800 K, full thermodynamic equilibrium
is assumed. For device operating conditions at 300 K, the total
concentrations of atomic defects are fixed at their growth-
equilibrium values, while the Fermi level, free carriers, and
defect charge-state populations are allowed to re-equilibrate.

The freeze-in approximation is supported by high migra-
tion barriers of the relevant defects, which indicate that atomic
diffusion is unlikely at 300 K. Previous calculations reported
barriers of 1.4 eV for V 2−

Zn , 1.7 eV for V 2+
O , and 2.0 eV for

F−
i . Our calculated V 2+

O migration barrier is also ∼1.7 eV, in
agreement with this earlier result. In addition, the vacancy-
mediated migration barriers of substitutional halogens are
much larger, approximately 3.1 eV for ClO and 2.6 eV for
FO. These values indicate that atomic diffusion is strongly
suppressed at 300 K. We therefore freeze the total concentra-
tions of all atomic defect species at their growth-equilibrium
values and allow only the Fermi level, free carriers, and defect
charge-state populations to re-equilibrate at 300 K. The total
concentrations of defect complexes are treated in the same
way, since changes in their abundance would require migra-
tion or dissociation of the constituent atomic defects. The
defect concentrations plotted in Figs. 5 and 6 correspond to
charge-state-resolved concentrations, (Nq

i ), for the dominant
charge states. In the 300 K freeze-in calculations, the total
concentration of each defect species, (N tot

i = ∑
qNq

i ), is fixed
at its 800 K equilibrium value, while the charge-state popu-
lations are re-equilibrated at 300 K together with the Fermi
level and free-carrier concentrations.

Figure 5 shows the calculated defect concentrations and
Fermi-level positions as functions of the oxygen chemical
potential μO for Cl-doped ZnO under (a) full thermodynamic
equilibrium at 800 K and (b) device conditions at 300 K with
selected defects frozen at their 800 K concentrations. Only
VO, VZn, ClO, and the ClO − VZn complex in all stable charge
states were included in the charge-neutrality calculations, as
other Cl-related point defects and complexes have signifi-
cantly higher formation energies and negligible equilibrium
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FIG. 5. Calculated defect concentrations (top panels) and Fermi
level positions (bottom panels) as functions of the oxygen chemical
potential μO for Cl-doped ZnO. (a) Full thermodynamic equilibrium
at the growth temperature of 800 K. (b) Electronic equilibrium
at 300 K, assuming that defect concentrations formed at 800 K
are frozen in upon cooling, while free carriers are allowed to re-
equilibrate. Only the dominant charge states are shown for clarity.

concentrations over the relevant range of oxygen chemical
potentials.

At 800 K [Fig. 5(a)], full thermodynamic equilibrium is
established among all defects and carriers. Under O-poor
conditions, the substitutional donor Cl+O is the dominant Cl-
related species, reaching concentrations above 1016 cm−3, and
the electron concentration closely follows the ionized donor
population. The Fermi level, therefore, lies near the CBM. As
μO increases toward O-rich conditions, the formation energy
of Cl+O rises, while compensating acceptor defects, particu-
larly V 2−

Zn and the complex (ClO − VZn)−, become increasingly

FIG. 6. Calculated defect concentrations (top panels) and Fermi
level positions (bottom panels) as functions of the oxygen chemical
potential μO for F-doped ZnO. (a) Full thermodynamic equilibrium
at the growth temperature of 800 K. (b) Electronic equilibrium
at 300 K, assuming that defect concentrations formed at 800 K
are frozen in upon cooling, while free carriers are allowed to re-
equilibrate. Only the dominant charge states are shown for clarity.

favorable. The concentration of the complex grows steadily
and eventually exceeds the free-electron concentration un-
der O-rich conditions. This enhanced compensation drives a
monotonic downward shift of the Fermi level toward midgap
at high temperature.

Figure 5(b) shows the electronic equilibrium at 300 K,
assuming that the total concentrations of ClO, VZn, VO and
ClO − VZn established at 800 K are frozen upon cooling,
consistent with their large migration barriers. In contrast, the
charge states and free carriers are allowed to re-equilibrate
at 300 K under the charge-neutrality condition. Upon cool-
ing, the intrinsic carrier concentration is strongly suppressed,
whereas the frozen donor and acceptor populations remain
fixed. Charge neutrality is therefore restored primarily through
a shift of the Fermi level rather than through the redistribution
of defect populations. As a result, the Fermi level at 300
K lies systematically higher than in the 800 K equilibrium
case across the entire μO range, most prominently under
O-rich conditions where compensation is strongest at high
temperature. The persistence of a relatively high Fermi level
and finite electron concentration at 300 K indicates that ClO

donors remain electrically active after cooling, despite partial
compensation by zinc-vacancy-related defects and complexes.
These results demonstrate that Cl incorporation in ZnO pro-
duces robust n-type conductivity that remains stable across
the temperature range from growth to device-operating tem-
peratures.

Figure 6 shows the calculated defect concentrations and
Fermi-level positions as functions of the oxygen chemical
potential for F-doped ZnO under (a) full thermodynamic equi-
librium at 800 K and (b) device conditions at 300 K with
selected defects frozen at their 800 K concentrations. For
these charge-neutrality calculations, VO, VZn, FO, the fluorine
interstitial (Fi), and the two competing complexes, FO − VZn

and FO − Fi, were included to describe the dominant compen-
sation and passivation mechanisms among the fluorine-related
defects considered in this work.

At 800 K [Fig. 6(a)], full thermodynamic equilibrium is
established. Under O-poor conditions, the behavior closely
mirrors the Cl-doped system: The substitutional donor dom-
inates, reaching high concentrations, and provides robust
n-type conductivity with the Fermi level positioned near
the CBM. However, as μO increases toward O-rich condi-
tions, acceptor-type defects and complexes, including (FO −
VZn)− and F−

i , become more favorable and can contribute
to donor compensation. Nevertheless, their concentrations re-
main lower than that of the ionized substitutional donor F+

O ,
and the Fermi level remains in the upper part of the band gap
under the conditions considered here.

At 300 K [Fig. 6(b)], the frozen donor population remains
the dominant charged defect population over the chemical-
potential range considered. Although fluorine-related acceptor
defects and complexes become more visible toward O-rich
conditions, they do not dominate the charge balance. The
electron concentration therefore largely follows the concen-
tration of F+

O , and the Fermi level remains relatively high
after cooling. The key thermodynamic, electronic, and kinetic
quantities for the dominant substitutional donors are summa-
rized in Table III.
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TABLE III. Comparison of key quantities for substitutional Cl
and F donors in ZnO: Dominant donor, the (+/0) transition level
relative to the CBM, formation energy E f (X +

O ) at EF = CBM and
O-poor limit (eV), VO-mediated migration barrier (Em), estimated
activation energy (Ea), and the peak calculated electron concentration
n at 300 K.

Quantity X = Cl X = F

Dominant donor Cl+O F+
O

(+/0) relative to CBM (eV) +0.52 +0.42
E f (X +

O ) (eV) 1.3 0.7
Em (eV) ∼3.1 ∼2.6
Ea (eV) ∼4.1 ∼3.6
Peak n at 300 K (cm–3) ∼1016 ∼1017

The calculated electron concentrations should be com-
pared with experiment with some caution. Hall measurements
for the heavily doped ZnO thin films often report electron
concentrations of approximately 1019 − 1020 cm–3, depending
on the growth method, dopant content, substrate, and post-
growth processing [35–37,61,62]. These values are higher
than the electron concentrations of order 1016 cm–3 obtained
from the present equilibrium/freeze-in charge-neutrality cal-
culations. This difference likely reflects the nonequilibrium
nature of many thin-film growth methods, which can incorpo-
rate halogen dopants at concentrations above their equilibrium
solubility, as well as possible contributions from uninten-
tional hydrogen, oxygen vacancies, nonstoichiometry, grain
boundaries, or extended defects. Thus, the present calcula-
tions should not be viewed as a quantitative prediction of the
maximum experimentally attainable carrier density. Rather,
they identify the microscopic donor character of substitutional
ClO and FO and the intrinsic compensation mechanisms that
can limit their equilibrium doping efficiency.

These results indicate that both Cl and F can sustain n-
type conditions under the freeze-in treatment considered here.
In both cases, the electron concentration largely follows the
concentration of ionized substitutional donors, while com-
pensating acceptors and halogen-related complexes remain at
lower concentrations. Although F-related acceptor defects and
complexes are more visible than their Cl counterparts, they do
not dominate the charge balance under the present thermody-
namic conditions. Thus, substitutional ClO and FO are both

effective shallow donors within the intrinsic-defect model
considered here, with compensation controlled by the equi-
librium abundance of native defects and defect complexes.

IV. CONCLUSION

In summary, we have systematically examined chlorine-
and fluorine-related defects in ZnO by combining defect
thermodynamics, defect association, vacancy-mediated mi-
gration barriers, and self-consistent charge-neutrality analysis
across growth and operating temperatures. Both ClO and
FO are identified as shallow donors with low formation
energies under O-poor conditions and no charge-transition
levels within the band gap. In contrast, halogen-related com-
plexes and compensating native defects introduce deep levels
and, although in some cases thermodynamically bound, do
not control the equilibrium carrier concentration. The large
vacancy-mediated migration barriers indicate strong kinetic
stability of substitutional halogen donors, supporting freeze-in
of growth-established defect populations. Charge-neutrality
calculations incorporating growth-temperature equilibration
and subsequent cooling demonstrate that n-type conductivity
persists over a wide range of oxygen chemical potentials.
These results provide a coherent microscopic understanding
of halogen doping in ZnO and clarify how thermodynamic sta-
bility, defect association, and kinetic constraints collectively
govern dopant effectiveness in wide-band-gap oxides.
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